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Introduction 


Physicians and biomedical scientists, from many countries, gathered in Prague in October 1996 to discuss current 
knowledge of the mechanisms responsible for one of our most common disease processes atherosclerosis and current 
options for its treatment. Recent research has shed light on several mechanisms, including lipoprotein oxidation and 
endothelial shear stresses, which are only now being recognised as central components of the disease. Evidence of the 
pivotal role which appears to be assumed by oxidized lipids, together with other insights into the disease, such as the 
involvement of immunological responses, were presented during the first session of the meeting to give an overview 
of atherosclerotic mechanisms. The second session concentrated on the clinical manifestations of peripheral occlusive 
arterial disease (POAD), specifically intermittent claudication, and the often dramatic improvement in the quality of 
life which may be experienced by patients as a result of the use of effective treatments. Where appropriate, parallels 
were drawn between therapeutic approaches and the mechanistic evidence described in Session | to emphasise the 
cellular and molecular modifications by which symptomatic improvements may be achieved. This highlighted the 
types of therapy which are likely to prove most effective, both in clinical practice and economically, together with 
the approaches which offer most promise for future intervention. 


The meeting was sponsored by Hoechst Marion Roussel. 


Guest Editors 
Geert Schmid-Schénbein and Seymour Glagov 
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ATHEROSCLEROSIS 


Cellular and molecular studies of atherogenesis 


Russell Ross 


Department of Pathology, University of Washington School of Medicine, Seattle, WA 98195-7470, USA 


1. Introduction 


The advanced lesions of atherosclerosis represent the 
culmination of a series of cellular and molecular events, 
involving replication of both smooth muscle cells and 
macrophages which have previously entered the artery 
wall. The interactions of these cells with T lymphocytes 
also in the lesion and the overlying endothelium can 
lead to a massive fibroproliferative response. Large 
amounts of connective tissue from smooth muscle cells 
form a fibrous cap. This covers the advanced lesion or 
fibrous plaque of atherosclerosis, deeper portions of 
which consist of macrophages, T lymphocytes, smooth 
muscle cells, connective tissue, necrotic debris and vary- 
ing amounts of lipids and lipoproteins. Terminal events, 
e.g. myocardial or cerebral infarction, usually result 
from secondary changes in a fibrous plaque, which 
cause an occlusive thrombus to form. These changes 
include rupture of the lesion due to the forces created 
as a result of it encroaching into the vessel lumen. 


2. The protective response 


The cells involved in the earliest cellular events of 
atherogenesis are classical components of a specialized 
type of chronic inflammatory response which precedes 
the migration and proliferation of arterial smooth mus- 
cle cells. The first observable events include increased 
accumulation of lipid and lipoprotein particles beneath 
the endothelium, presumably due to increased transport 
and/or permeability of the lining endothelial cells. This 
is rapidly followed by the attachment and spreading of 
peripheral blood monocytes and T lymphocytes, partic- 
ularly at branches and bifurcations of arteries. Adhe- 
sion occurs as a result of the formation of adhesive 
cell-surface glycoproteins on both the endothelium and 
the leukocytes. Thus, one of the earliest changes in- 
duced by hypercholesterolemia and hypertension ap- 
pears to be altered endothelial permeability together 


with the adherence of leukocytes, i.e. the first phase of 
an inflammatory response. 

Leukocytes migrate across the surface of the en- 
dothelium. This is facilitated by a series of molecules, 
including intercellular adhesion molecule-1 (ICAM-1) 
and vascular cell adhesion molecule-1 (VCAM-i). The 
leukocytes migrate between the endothelial cells. 
Chemotactic factors augmented by the endothelial or 
sub-endothelial cells then result in the localization of 
leukocytes within the sub-endothelial space, where they 
begin to accumulate within the intima. 

The presence of oxidized low density lipoprotein 
(oxLDL) triggers the conversion of sub-endothelial 
monocytes into activated macrophages, which take up 
the modified lipoprotein particles and become foam 
cells. The formation and intimal accumulation of foam 
cells leads to the first ubiquitous lesion of atherosclero- 
sis, the fatty streak, which is comprised of a mixture of 
lipid-filled macrophages and T lymphocytes, and is 
purely an inflammatory response. If the causative stim- 
ulus is maintained (e.g. hypercholesterolemia or other 
risk factors), the protective inflammatory response will 
also persist and can itself become deleterious to the cells 
of the artery wall. 

This condition can lead to an expanded intermediate 
(or fibrofatty) lesion that may contain multiple layers of 
smooth muscle cells, macrophages, and T lymphocytes. 
Eventually, persistence of the conditions which induced 
the response causes the lesion to develop further. A 
fibrous cap forms, which covers proliferated smooth 
muscle cells and macrophages, necrotic cell debris, in- 
tracellular and extracellular lipid and newly-synthesised 
connective tissue. The advanced lesion or fibrous 
plaque can intrude into the artery wall. Resultant 
changes in the surface characteristics of the fibrous 
plaque may lead to formation of a thrombus which can 
cause sudden death or which can lead to further lesion 
progression and compromise of the local flow. 

This sequence of events has lead to the ‘response to 
injury’ hypothesis of atherosclerosis, which suggests 
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that what begins as a protective inflammatory response 
followed by the formation of a fibroproliferative re- 
sponse can, with time and with continued insult, be- 
come excessive. In its excess, the inflammation and 
fibrous tissue proliferation become the disease process. 


3. Gene expression and intracellular signaling in lesion 
cells 


Intercellular networking, which occurs among 
macrophages, T lymphocytes, endothelium and smooth 
muscle, is critical in determining lesion progression. For 
example, gene expression in macrophages can lead to 
the synthesis and secretion of many growth-stimulatory 
molecules, such as PDGF, fibroblast growth factor 
(FGF), heparin-binding epidermal growth factor-like 
growth factor (HB-EGF), monocyte colony-stimulating 
factor (M-CSF) and granulocyte-monocyte colony- 
stimulating factor (GM-CSF), as well as growth-in- 
hibitory molecules, such as transforming growth factor 
(TGF-f), interleukin-1 (IL-1) and tumor necrosis 
factor (TNF). However, the cytokines formed by 
macrophages, including TGF-f, IL-1 and TNF, can 
also induce secondary gene expression in smooth mus- 
cle cells for PDGF-AA and, in some cases, HB-EGF, 
thus inducing the cells to make growth-stimulatory 
molecules. Whether a lesion will progress, remain static 
or undergo regression may be partly a reflection of 
which of these genes is expressed in the different cell 
types. 

Macrophage replication can occur through the action 
of CSFs formed by endothelium, smooth muscle cells 
or the macrophages themselves. Macrophage replica- 
tion occurs during all phases of atherogenesis and may 
be as prominent a feature of lesion progression as is 
smooth muscle replication. 

Chemotactic migration of medial smooth cells into 
the intima to form a neointima followed by the subse- 
quent proliferation of these cells and formation of 
connective tissue by them are important activities in the 
formation and progression of lesions. Balloon catheter 
angioplasty, which has been used as a model in athero- 
genesis studies, causes rapid de-endothelialization and 


mural platelet thrombus formation followed by changes 
in the medial smooth muscle cells. Many of the muscle 
cells migrate through fenestrae of the internal elastic 
lamina into the intima where approximately half of 
them replicate and lay down large amounts of connec- 
tive tissue matrix. In this second phase, the migration 
of smooth muscle cells from the media into the intima 
is largely induced by PDGF, which can be derived from 
the initial platelet thrombus or from PDGF-AA. The 
use of the balloon angioplasty model has shown that 
some components of chemotactic migration and repli- 
cation of smooth muscle cells in the neointima are in 
part induced by PDGF, which may be both platelet- 
and smooth muscle cell-derived. 


4. Summary 


The lesions of atherosclerosis represent a protective, 
inflammatory-fibroproliferative response against the 
different agents which can cause the disease. With a 
chronic insult, the response may become excessive and 
thus constitute part of the disease process. The exces- 
sive response may be reversed, given sufficient opportu- 
nity for modification of the - injurious factors. 
Approaches to modifying specific cellular interactions, 
growth-regulatory molecules or intracellular signaling 
molecules may afford opportunities for lesion preven- 
tion or regression. For further reading see [1,2]. 
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1. Initiation of the atherosclerotic lesion 


There is now a consensus that the earliest atheroscle- 
rotic lesion, the fatty streak, begins under a structurally 
intact layer of endothelial cells and that the increased 
adherence of circulating monocytes to that endothelium 
is a very early response to hypercholesterolemia. These 
adherent monocytes penetrate the subendothelial space, 
where they are converted to ‘foam cells’, which contain 
most of the lipid in the fatty streak. A smaller number 
of foam cells arise from arterial smooth muscle cells. 
Low density lipoprotein (LDL) is the major source of 
the cholesterol accumulating in foam cells, but a grow- 
ing body of evidence indicates that the LDL particle 
must undergo some form of modification before it can 
cause either foam cell formation or contribute to the 
atherogenic process in other ways. 


2. Oxidative modification of LDL [1] 


Oxidative modification is the best studied of the 
candidate modifications to LDL, but others may be 
equally important. Oxidized LDL (oxLDL) differs from 
native LDL in many ways. The more rapid uptake of 
oxLDL by macrophages, accounting for foam cell for- 
mation, was the first important difference to be de- 
scribed (Fig. 1). It was also quickly demonstrated that 
oxLDL is a chemoattractant for circulating monocytes 
and can thus play a role in their recruitment into a 
developing lesion. In addition, it has been shown that 
oxLDL inhibits the motility of tissue macrophages, 
which might exert a ‘trapping’ effect, leading to the 
accumulation of macrophages in a developing lesion. 
Of potential importance, especially in the later evolu- 
tion of lesions, is the observation that oxLDL is cyto- 
toxic to a number of cell types, including endothelial 
cells. 
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Over the past 5 years, a large number of additional 
properties of oxLDL which may enhance its athero- 
genicity have been described. For example, oxLDL is 
also a chemoattractant for T-cells, which comprise a 
significant proportion of the cells in atherosclerotic 
lesions. As another example, oxLDL stimulates the 
release of monocyte chemoattractant protein (MCP-1) 
from endothelial cells. Thus, oxLDL could, theoreti- 
cally, exert both a direct and an indirect effect on the 
recruitment of monocytes from the circulation. A fur- 
ther property of oxLDL, not shared by native LDL, is 
its immunogenicity. Moreover, autoantibodies against 
oxLDL have been demonstrated both in rabbit and in 
human plasma. Whether these autoantibodies con- 
tribute to the pathogenesis of atherosclerosis, “or are 
simply ‘markers’, is not yet certain. There are now at 
least 17 different ways in which oxLDL is, in principle, 
more atherogenic than native LDL, but the first ques- 
tion to be answered is, ‘Does oxidation of LDL actually 
occur in vivo?’ 


Oxidized 
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Fig. 1. Low-density lipoprotein (LDL) oxidation and relative speeds 
of uptake of oxLDL and native LDL. 
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3. Evidence for the oxidation of LDL in vivo [2] 


Four major lines of evidence demonstrate that oxida- 
tion of LDL does indeed occur in vivo: 

1. OxLDL has been demonstrated in extracts of 
atherosclerotic lesions from both rabbit and human 
lesions. 

2. Antibodies directed against oxLDL react with ma- 
terials in atherosclerotic lesions of both humans and 
rabbits. 

3. Autoantibodies against oxLDL have been demon- 
strated in both human and rabbit plasma, implying the 
presence of either oxLDL itself or some very closely 
related antigen. 

4. Most importantly, it has been demonstrated that 
the administration of compounds that can prevent the 
oxidative modification of LDL significantly slows the 
progression of experimental atherosclerosis in rabbits, 
hamsters, mice and non-human primates. Twenty three 
studies have now been completed. In 16 of them, there 
was clear retardation of disease, ranging from 35 to 
80%; two studies gave marginal results and five re- 
ported no effect. The studies have utilized four different 
antioxidants, greatly strengthening the conclusion that 
the effects observed were indeed due to the antioxidant 
properties of the compounds used (probucol, butylated 
hydroxytoluene, vitamin E and diphenyl-phenylenedi- 
amine). In some of these studies, the plasma cholesterol 
level was equal in the control and experimental groups 
and in none of them was there a large difference. It 
should be noted that this marked inhibition of athero- 
genesis occurred in the presence of cholesterol levels 
ranging from 600 mg/dl (in LDL receptor-deficient 
rabbits) to 2000 mg/dl (in cholesterol-fed rabbits). 


4. The relevance of oxidized LDL to human 
atherosclerosis 


A definitive statement on this issue awaits the com- 
pletion of clinical intervention trials. However, several 
lines of evidence suggest that the human disease will 
respond in a similar fashion to that of animal models. 
Several epidemiological studies show an inverse correla- 
tion between dietary intake of antioxidant vitamins 
(vitamin E, vitamin C and f-carotene) and the risk of 
coronary artery disease. Some of these are cross-popu- 
lation studies and others are prospective studies based 
on dietary questionnaires. As mentioned above, oxLDL 
has been demonstrated in extracts of human atheroscle- 
rotic lesions. Furthermore, autoantibodies against 
oxLDL have been demonstrated in human plasma. 

LDL isolated from the plasma of cigarette smokers 
immediately after they have smoked six cigarettes in a 
short period of time is much more susceptible to oxida- 
tive modification in vitro than control plasma LDL 


samples obtained prior to smoking. Whether or not this 
contributes to the increased susceptibility of smokers to 
atherosclerosis remains to be determined. Finally, it 
was reported in 1995 that high doses of supplemental 
vitamin E (400—800 IU/day) significantly reduced the 
incidence of non-fatal and fatal myocardial infarction 
in patients with established coronary disease [3]. How- 
ever, it should be noted that other intervention studies, 
using f#-carotene, have given negative results [4-7]. 
Administration of /-carotene does not protect human 
LDL against ex vivo oxidation; future trials will em- 
phasize vitamin E. 


5. Current strategy 


Currently, there is insufficient justification for recom- 
mending antioxidant drugs or dietary supplementation 
by antioxidant vitamins (Table 1). While short-term 
studies show very few, if any, side-effects resulting from 
dietary vitamin E supplementation, there have been no 
studies of lifetime administration and, in the absence of 
direct evidence of benefit, no risk is acceptable. There- 
fore, until such evidence has been accumulated, we 
must continue to rely on dietary and drug-dependent 
management of LDL levels. These will also reduce 
levels of oxLDL in the artery. 


6. Prospects 


If the validity of the oxLDL hypothesis can be 
demonstrated by appropriate large-scale clinical inter- 
vention trials, we may expect an extensive study of 
natural antioxidants, an intensive re-evaluation of what 
constitute the best dietary patterns and, probably, a 
thorough study of new antioxidant compounds. Theo- 
retically, an effective antioxidant regimen should be 
complementary to, and possibly synergistic with, a 
cholesterol-lowering regimen. 

In addition to direct intervention to prevent LDL 
oxidation, a number of other possible interventions 
would, in theory, interrupt or slow atherogenesis. For 
example, the ultimate source of free-radicals involved in 
oxidation is probably intracellular. The precise enzymes 
involved in the generation of the free-radicals involved 
in LDL oxidation remain to be established. Several 
candidates have been identified, including 15-lipoxyge- 
nase and DPNH oxidase. The establishment of the 
importance of these candidates should allow the design 
of pharmacological interventions which modify the en- 
zyme activity. With increasing understanding of the 
mechanistic steps in the atherogenic process, opportuni- 
ties for intervention also increase. Examples may be 
agents which interfere with monocyte adhesion, or 
which abrogate the chemoattractant effects of MCP-1 
and/or oxLDL. 
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Table | 
Reported clinical trials of antioxidants 


Study Result 


Finnish ATBC Study [4] 
29 000 male heavy smokers, 5—8 years. /-Carotene (20 mg/day) or No effect on CAD events. Dose of vitamin E too low to protect 
vitamin E (50 mg/day) or both. Controls received neither LDL. 
antioxidant. Primary endpoint: cancer. 


Swedish PQRST Trial [5] 


274 hypercholesterolemic men and women. No effect on femoral artery stenosis. Lesions in the femoral artery 
Cholestyramine + probucol Primary endpoint: femoral artery are far advanced; regression would be difficult to observe. 
stenosis. 


Physicians Health Study [6] 
22 071 physicians randomized to /-carotene (50 mg q 2d) or No effect on either cancer or CHD. 
placebo. Primary endpoint: cancer. 


#-Carotene and Retinal Efficacy Trial (CARET) [7] 
18 314 smokers or asbestos workers randomized to placebo or No reduction in lung cancer, nor in CHD. 
/-carotene (30 mg/day) and vitamin A (25 000 IU/day). Primary 
endpoint: lung cancer. 


Cambridge Heart Antioxidant Study (CHAOS) [3] 

2002 patients with proven CHD randomized either to placebo or to 47% decrease in combined endpoints. 
vitamin E (400—800 IU/day). Primary endpoint: cardiovascular 
death or nonfatal infarction. 
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ATHEROSCLEROSIS 


Immunological response to oxidized LDL 
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1. Introduction 


Work by many laboratories has demonstrated that 
both early and extensively oxidized forms of LDL 
(oxLDL) contribute to atherogenesis in many ways 
(reviewed in [1,2]). In particular, oxLDL and some of 
its products are strongly pro-inflammatory. This infl- 
ammation is accompanied by both a humoral and a 
cellular immune response. Only recently has it emerged 
that the oxidation process renders LDL immunogenic, 
via the formation of a large number of neoepitopes on 
the modified LDL [3], and that oxLDL is undoubtedly 
an immunodominant antigen in the atherosclerotic le- 
sion. 


2. Humoral response in atherosclerosis 


The peroxidation of the polyunsaturated fatty acids 
found in LDL results in the generation of highly reac- 
tive aldehydes, such as malondialdehyde (MDA) and 
4-hydroxynonenal (4-HNE). In turn, MDA and 4-HNE 
form adducts with lysine -esidues on apo B (the protein 
component of LDL) to produce immunogenic epitopes. 
Antisera and monoclonal antibodies specific to MDA- 
lysine and 4-HNE-lysine immunostain atherosclerotic 
lesions, but do not stain normal artery [3]. Further- 
more, autoantibodies to these epitopes are present in 
the plasma of animals and humans. The antibody titers 
to various oxLDL epitopes in Apo E-deficient mice, 
which develop severe atherosclerosis as a result of 
marked hypercholesterolemia [4] are shown in Fig. 1. 
These titers are considerably elevated compared to 
those found in C57BL/6 mice, which are normal. In 
addition, preliminary studies have suggested that pa- 
tients with extensive atherosclerosis have relatively 
higher antibody levels [5], but much more work is 
needed. 


'Tel.: +1 619 5344347; fax.: +1 619 5342005. 


Extensive accumulation of IgG occurs within 
atherosclerotic lesions, some of which is oxLDL-specific 
and is present in the form of immune complexes with 
oxLDL. Autoantibodies to oxidatively-modified phos- 
pholipids have also been found [6]. It seems likely that 
oxidation of numerous components of the artery wall 
may prove immunogenic and stimulate autoantibody 
formation. 


3. Cellular immune response in atherosclerosis 


T-lymphocytes make up 10 to 20% of the cells in 
early atherosclerotic lesions. Many of these cells are 
activated, expressing gamma interferon (IFNy), as 
demonstrated by the expression of HLA-DR by vascu- 
lar cells within the atherosclerotic lesion [7]. Studies by 
Hansson and colleagues have demonstrated that 10% of 
a population of T-cells cloned from human carotid 
atherectomy specimens reacted specifically with oxLDL 
[8]. Of the T-cells which accumulate, at least within 
established lesions, there is a predominance of the Th, 
type, which primarily secrete IFNy. 


4. The role of the immune system in atherosclerosis 


The role of the immune system in atherosclerosis is 
currently unclear. Certainly, in atherosclerosis follow- 
ing cardiac transplantation, the immune response ap- 
pears to be of major significance [9], while in more 
common cases of atherosclerosis, occurring as a result 
of hypercholesterolemia, increasing evidence supports 
an important role for both humoral and cell-mediated 
immunity. Evidence of a protective as well as a patho- 
logical effect of the immune response has been demon- 
strated in animal models of atherosclerosis. For 
example, immunization of hypercholesterolemic rabbits 
(WHHL) with homologous MDA-modified LDL led to 
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Fig. |. Dilution curves of IgM autoantibodies in pooled sera of two apo E-deficient mice to various epitopes of oxidized LDL, compared with 
similar curves from age-matched C57BL/6 controls [4]. Reproduced with permission, Copyright 1995, National Academy of Sciences, USA. 


a reduction in the rate of progression of atherosclerosis 
(Fig. 2) [10]. Similar results have been reported by other 
groups [ll]. One hypothesis (yet to be explored) to 
explain this observation is that immunization leads to 
an increase in the plasma clearance rate of minimally- 


% lesions 


Thoracic Abdominal Entire 
aorta aorta aorta 


Fig. 2. Percentage of aorta covered by atherosclerotic lesions in 


WHHL rabbits 6 months after immunization with homologous 
MDA-modified LDL (MDA) or keyhole limpet hemocyanin (KLH) 
or saline (PBS) [10]. Reproduced by copyright permission of the 
American Society for Clinical Investigation. 


modified LDL. The relative importance of the patho- 
logical or protective immune responses in 
atherosclerosis remain to be elucidated. 
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1. Introduction 


The stability of the blood vessel wall and adequate 
perfusion of the tissues are maintained by structural 
adaptations to changes in wall shear and _ tensile 
stresses. These readjustments take the form of morpho- 
logical reconstructions of vessel wall dimensions, com- 
position and configuration. Altered flow results in 
adjustments to the diameter of vessels, which tend to 
restore wall shear stress to baseline values of 15-20 
dyn/cm’, while changes in vessel diameter or in fluid 
pressure produce altered mural tensile stresses which, in 
turn, generate corresponding changes in wall thickness 
and composition. 

During early development and growth, the prolifera- 
tion of smooth muscle cells tends to correspond to an 
enlargement of the vessel diameter and an increase in 
wall volume, while matrix accumulation corresponds 
largely to tensile stress. After growth, the media and 
intima may both participate in these reactions. In con- 
ditions of decreased flow, intimal cell accumulation 
narrows the vessel lumen, thereby increasing wall shear 
stress until the baseline shear stress is restored. The 


intima then develops cellular and matrix features of the 
media. 


2. Plaque remodeling 


Remodeling as a result of changing mechanical and 
metabolic states occurs at all stages of the atheroscle- 
rotic process. Proteolytic, organizational and matrix 
biosynthetic responses result in erosion and/or sclerosis 
both beneath and within the plaque [1]. These responses 


* Corresponding author. Tel.: +1 773 7026228; fax: +1 773 
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produce more or less characteristic stratifications within 
the atherosclerotic lesion, including the formation of a 
subendothelial fibrous cap and outward bulging and 
sequestration of the plaque, which consequently isolates 
potentially thrombogenic components from the arterial 
lumen. This preserves an approximately circular or 
slightly oval lumenal contour, and so favors stable 
laminar blood flow. Compensatory enlargement of the 
artery may also occur to preserve an adequate lumenal 
cross-sectional area for extended periods [2]. Flow field 
properties related to the geometric configuration of the 
vessel correlate significantly with plaque localization [3], 
while tensile stress distribution is a major determinant 
of plaque organization and matrix production. Changes 
in the composition and configuration of advanced 
plaques are associated with the control of risk factors. 
The formation of new plaque structures on older 
plaques, direct intervention and disruptive complica- 
tions all elicit secondary proliferative healing and re- 
modeling responses. 

A comparison of plaque evolution at the carotid 
bifurcation, in the coronary arteries and in the distal 
aorta and peripheral arteries reveal differences which 
are likely to reflect differences in the time of onset of 
the lesions, in the hemodynamic and tensile stress envi- 
ronments and in differential local responses to specific 
clinical risk factors, such as smoking, diet or lack of 
exercise. For example, in the coronary arteries marked 
stenosis is important in producing symptoms, but 
plaque disruption may be significant at less stenotic 
stages. Although such an effect is difficult to assess in 
plaques at the carotid bifurcation, since clinical detec- 
tion and therapeutic endarterectomy are associated 
mainly with highly stenotic plaques [4], the resulting 
specimens do provide material for the identification of 
specific features associated with ischemic attacks or 
stroke, such as necrotic plaque cores, calcifications and 
thrombus deposition. 
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Table | 
Morphological correlates of plaque instability 


Factors associated with disruption 
Large plaque with marked stenosis 
Juxtaposed regions of contrasting composition (calcification, 
necrotic core, fibrosis, hematomas) 
Lumen irregularities and asymmetry (thromboses and 
cavitations) 
Focal thinning or defects of the fibrous cap (erosion, 
inflammation, neoformation of atherosclerosis) 
Proximity of the necrotic core to the fibrous cap or lumen 
surface 

Features implying resistance to disruption 
Uniform plaque fibrosis on cross-section 
Circular, regular lumen contour 
Demarcated fibrous cap of uniform thickness (with absence of 
focal erosion, inflammation and proximity of necrotic core) 


Extensive regions of low density or echo-lucency in 
large plaques are considered to be indicative of vulnera- 
bility to plaque disruption. However, a recent compara- 
tive study of asymptomatic and symptomatic stenotic 
specimens suggested that the proximity of the necrotic 
lipid core to the lumen or the fibrous cap, rather than 
the actual size of the lipid core, may be a more reliable 
indicator of which plaques caused symptoms (Table 1). 


3. Determinants of stress distribution within the plaque 


Conditions under which mechanical factors induce 
disruptions in susceptible fragile plaques is not well 
understood. The use of finite element analysis in the 
study of stress distribution in plaque cross-sections 
from carotid bifurcation endarterectomy specimens has 
revealed that stresses are greatest within the fibrous cap 
[5]. In addition, proximity of the necrotic lipid core or 
macrophages to the fibrous cap, particularly to thinned 
regions of the cap, significantly increases both the peak 
stress and the stress gradient. Movement of the lipid 
core closer to the fibrous cap has been demonstrated to 
increase the maximum stress by over 60%, while the 
presence of discrete calcifications increased the peak 
stress by up to 70% and displaced its focus to within the 
plaque. Thus, the distribution of plaque constituents, 
particularly the necrotic core and calcification regions, 
appears to determine both the location and the magni- 
tude of the peak stress within the plaque and therefore 
the propensity for plaque rupture. 

The anticipation of clinically significant precursors of 
plaque disruption is limited by uncertainty regarding 


Table 2 
Clinical evaluation of advanced plaques: problems arising in estab- 
lishing reliable morphological criteria 


Geometric factors 
Circumferential asymmetry of plaque localization 
Axial and circumferential variation in plaque size and 
composition 

Plaque evolution 
Uncertainty of plaque evolution 
Occurrence of focal disruptions in apparently stable plaques 
Often small, inapparent nature of sites of actual or potential 
disruption 
Uncertain nature of lumen irregularities 

Technological 


Current limits (in specificity and sensitivity) of imaging 
methods 


the predictability of plaque evolution, by the often focal 
nature and small size of disruptive changes and by 
inadequacies in resolution offered by current investiga- 
tion techniques (Table 2). The development of methods 
for the sequential clinical examination and reconstruc- 
tion of complete plaques, with corresponding histo- 
pathological validation, holds the promise of 
establishing criteria for discerning both plaque compo- 
sition and the potential susceptibility of plaques to 
disruption [6]. This may allow the timely prediction of 
potential plaque rupture, thereby permitting interven- 
tion at a pre-critical stage. 
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1. Introduction 


Blood flow in arteries, arterioles and pre-capillary 
vessels generates hemodynamic shear stresses. These 
typically range from 0 to 50 dyn/cm? and vary in 
magnitude, frequency and direction at the endothelial 
surface throughout the cardiac cycle [1]. In addition to 
flow-mediated vasotonic control, hemodynamic forces 
play a pivotal role in atherosclerotic lesion development 
in humans. Lesions tend to develop in areas where 
there is a deviation from unidirectional laminar blood 
flow, typically near branches, bifurcations, regions of 
arterial narrowing and curvature. Mechanisms respon- 
sible for the transmission and transduction of hemody- 
namic information from the blood to the underlying 
vessel wall reside in the endothelium [2] and consider- 
able progress has been made in determining the signal- 
ing events at the cell surface(s) and the gene regulatory 
elements associated with cellular adaptation to mechan- 
ical stress [3,4]. 

Endothelial cells are capable of altering their struc- 
ture and mechanical properties. When there is a net 
direction to the flow force, endothelial cells align in the 
direction of flow [5,6], but in areas of turbulence, the 
cells fail to align [7]. These changes result in the gener- 
ation of intracellular stress. Tension is generated when 
the cytoskeleton interacts with other regions of the cell, 
particularly at sites of adhesion to the sub-endothelial 
matrix [8], the nucleus [9] and neighboring cells [10]. 
The intercellular tension changes to equalize external 
force when external forces are loaded onto the cell 
during flow. 


' Condensed from: Davies PF. Physiol Rev 1995;75:519—560. 
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2. Topography of the lumenal endothelial surface 


The hemodynamic force-cell interactions begin at the 
cell surface. Cell geometry, particularly surface topogra- 
phy, influences the magnitude and localization of hemo- 
dynamic forces acting at the endothelial surface and 
affects their transmission throughout the cell. Previous 
subcellular analyses of flow forces addressed the mecha- 
nisms of force transmission and transduction into cellu- 
lar responses by modeling the endothelial monolayer and 
estimating the influence of its wavy surface upon local 
flow forces [11]. More recently, high resolution, real-time 
images of the continuous geometry of the lumenal 
surface of living endothelial cells have been made using 
atomic force microscopy (AFM) [12]. These studies 
revealed significant changes in the height of the endothe- 
lial monolayer ( < 6 um) when cells aligned with flow to 
give a streamlined cell surface (Fig. 1). In addition, 
localized changes of topography of individual endothe- 
lial cells were observed which have implications for the 


Fig. 1. Computer-generated images of blood-vessel endothelium, 
showing non-aligned endothelial cells in the absence of flow-induced 
shear stress (upper image) and flow-aligned endothelial cells (lower 
image). Adapted from [13], with the permission of the American 
Physiological Society. 
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Fig. 2. Effects of shear stress on blood vessel endothelium [3]. 
Reproduced with the permission of the American Physiological Soci- 
ety. 


intracellular stress distribution. Spectral element analy- 
ses have been conducted to simulate flows and to 
determine shear-stress distribution over endothelial sur- 
face geometries (defined by AFM) of living endothelial 
cells [13]. Flow perturbations due to the undulating 
surface produce large shear stress gradients, but reorga- 
nization of the endothelial surface in response to pro- 
longed exposure to steady flow results in significant 
reductions in the peak shear stresses and shear stress 
gradients compared to no-flow control cells [12,13]. 
These studies have demonstrated that there are micro- 
scopic departures from a flat endothelial boundary due 
to the presence of endothelial cells that, in turn, cause a 
localized perturbation of the macroscopic flow field. 

For a given endothelial cell, lumenal shear stress 
varies within the macroscopic flow field as a function of 
the cell surface geometry; cells in certain morphological 
configurations being likely to be exposed to much lower 
shear stress gradients than neighboring cells. In flow- 
aligned cells for example, there is approximately a 40% 
decrease in average shear stress gradient compared with 
no-flow control cells. A detailed analysis of the up- 
stream/downstream symmetry of the cell surface in 
vitro may provide useful insights into individual cell 
sensitivity to shear stress. Preliminary results from 
AFM images demonstrate very similar morphology be- 
tween endothelial cells in vivo and cultured cells [14]. 
This has led to a proposal that the detailed cell surface 
topography contributes to the stress response in vivo. 

One of the most striking consequences of flow-medi- 
ated endothelial realignment is increased resistance of 
the cell surface to deformation [15]. This is facilitated 
by the formation, after exposure to flow, of realigned 
arrays of bundles of cytoskeletal filaments immediately 
below the lumenal plasma membrane. 


3. Intracellular signaling 


Early responses to shear stress (Fig. 2) include rapid 
changes in ionic conductance, inositol phosphate gener- 
ation, cyclic GMP concentration, activation of GTP 
binding proteins and, in some cases, the elevation of 
intracellular free calcium. Inwardly-rectifying endothe- 
lial K* and Cl~ ion channels, rapidly activated by 
shear stress, facilitate membrane hyperpolarization fol- 
lowed by depolarization. An endothelial inward-rectify- 
ing channel has recently been cloned, but it remains to 
be seen if this channel is flow responsive. The release of 
neurotransmitters within a few seconds of flow through 
a microcarrier bed of confluent endothelial cells has 
also been reported and within | min of flow initiation, 
the release of substantial amounts of the potent vasoac- 
tive agents prostacyclin and nitric oxide also occurs. 
These acute responses can be rapidly controlled and 
their vasoactive effects quickly reversed, a desirable 
evolutionary advantage. If the hemodynamic forces are 
sustained, however, adaptive responses are initiated. 
The induction of some early response genes is detected 
(c-myc after several min, c-fos, c-jun within 2 h) and 
there is activation of NFkB transcriptional factor com- 
plex [16]. Since NFkB binding sites are found in many 
genes, this system may play a role in gene regulatory 
responses to flow. A shear stress response element 
(SSRE) has been identified in the promoter of the 
platelet-derived growth factor B gene (PDGF-B gene) 
and this element appears to bind NFkB and possibly 
other unknown transcription factors [4]. The same mo- 
tif is found in several other genes known to be shear 
stress responsive, including tissue plasminogen activa- 
tor, c-fos, c-jun, monocyte chemotactic protein 1, trans- 
forming growth factor f/f, and intercellular adhesion 
molecule |. Furthermore, the transfection of a reporter 
gene containing SSRE into non-responsive cells results 
in flow-inducible reporter gene activity. Other apparent 
SSRE sites have recently been uncovered. Identification 
of SSRE binding molecules should reveal a key regula- 
tory mechanism of mechanically-induced gene re- 
sponses. 


4. Cell attachment sites respond to flow 


Endothelial cells, like other anchorage-dependent 
cells, form discrete regions of contact with the underly- 
ing extracellular matrix, called focal adhesion sites [8]. 
When subjected to directional shear stress, membrane 
remodeling occurs at adhesion sites, with a preference 
for the direction of flow [17], but without a change of 
location of cell boundaries or organelle distribution. 
Cell adhesion remains unchanged. These live cell stud- 
ies demonstrate that the interactions between the ablu- 
menal cell surface and the _ substratum are 
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flow-responsive and are mediated by mechanical trans- 
mission from the lumenal to the ablumenal surface via 
stress fibers anchored at focal adhesion sites. The mech- 
anisms by which membrane attachment to the substra- 
tum remodels during spontaneous and flow-induced 
reorganization remain unknown. However, more infor- 
mation is emerging concerning the proteins localized to 
focal adhesions, particularly the phosphorylation states 
of a number of integrin-associated proteins, some of 
which are kinases [18] and whose activities may repre- 
sent signaling pathways associated with mechanotrans- 
duction at these sites. 
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1. Phagocyte accumulation 


Epidemiological data reviewed by Belch [1] suggest 
that leukocyte as well as neutrophil counts are power- 
ful, consistent predictors of cardiovascular events. An 
increase correlates with the risk of coronary artery 
disease and with both the incidence and severity of 
thrombotic stroke. Total leukocyte count is also predic- 
tive of an increase in the amputation rate in patients 
with critical lower limb ischemia. 

An example of the more direct involvement of 
phagocytes in advanced atherosclerosis is the dynamic 
accumulation of monocytes, macrophages and lipid- 
laden macrophages (‘foam cells’) in the atherosclerotic 
plaque (Fig. 1). The turnover of cells in the plaque is 
dependent on the adhesion of circulating monocytes to 
the endothelium covering the plaque core, followed by 
their migration. Adhesion molecules expressed by the 
endothelium attach to adhesion molecules expressed by 
monocytes [2,3]. The expression of the endothelial ad- 
hesion molecules is induced by various stimuli, includ- 
ing reactive oxygen species [4]. Endothelial adhesion 
molecules include E- and P-selectins, as well as intercel- 
lular adhesion molecule-1 (ICAM-1). Adhesion 
molecules on the monocytes include sialylated or sul- 
phated carbohydrates and /2-integrins. The migration 
of the monocytes across the endothelium requires a 
further agent, platelet endothelial cell adhesion 
molecule-1 (PECAM-1), which is expressed on the 
monocytes and lateral faces of endothelial cells and 
induced by the release from the plaque cells of 
chemoattractants, such as lipid peroxides, chemokines 
or leukotriene B4. 

In the plaque, the adherent monocytes change to 
macrophages and ingest lipid peroxides. This activates 
the cells and leads to their development into foam cells. 
Macrophages within the lesion are also activated by 
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their adhesion to the plaque and by soluble factors such 
as monocyte chemoattractant product-1 (MCP-1) and 
cytokines, including monocyte colony-stimulating fac- 
tor (M-CSF). Among other sources, MCP-1 is synthe- 
sized by endothelial cells stimulated by mechanical 
strain and thrombin-stimulated vascular smooth muscle 
cells, while cytokines are produced by T lymphocytes. 
Macrophage autoactivation also occurs, secondary to 
their own production of MCP-1! and cytokines. 


© 
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ADHESION MOLECULES (AM): 


CHEMOATTRACTANTS INVOLVED 


B2-Intergrins VLA4 CH PECAM IN MIGRATION TO AP: 


(Lewis X..) 
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leukotriene B4 
Fg } lysophosphatidyicholine 


(©)IcaM-1 VCAM-1_ E-and P- PECAM 
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Fig. 1. Adhesion of phagocytes (P) to blood vessel endothelium (E), 
orientated transmigration and recruitment into the atherosclerotic 
plaque (AP). Adhesion molecules (AM) expressed on P are /2-inte- 
grins, carbohydrate moieties (CH) and very late antigen 4 (VLA4). 
Intercellular adhesion molecule | (ICAM-1) link is strengthened by 
fibrinogen (Fg). VCAM-I is for vascular adhesion molecule-1. 
Platelet endothelial cell adhesion molecules (PECAM) are expressed 
on both P and E, and used in transmigration which is oriented by 
chemoattractants. 
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2. Role of oxidized LDL 


Activated macrophages generate numerous molecules 
which can modify the vesse! wall. Macrophages can 
effect lipid peroxidation, via the production of reactive 
oxygen species. This is associated with an increase in 
oxidized low-density lipoprotein (oxLDL) and a de- 
crease in high-density lipoprotein, with a resulting accu- 
mulation of cholesterol in the plaque. Reactive oxygen 
species (ROS) increase arachidonic acid metabolism, 
endothelin generation and the expression of adhesion 
molecules by the endothelium, while decreasing the 
production of endothelium-derived relaxing factor 
(EDRF). Endothelial function is also modified by ROS, 
with an increase in vascular tone and hyperpermeabil- 
ity, allowing large-scale diffusion of plasma molecules, 
such as coagulation factors. Activated macrophages 
also generate growth factors which induce the prolifera- 
tion of vascular smooth muscle cells, thickening the 
vascular wall. Most importantly, activated 
macrophages release metalloproteinases and other 
proteases which contribute to the degradation of the 
plaque matrix, leading to aneurysm formation and 
plaque rupture. These effects occur very slowly, the 
plaque typically evolving over several decades. The 
pathological changes are, to some extent, compensated 
for by protective mechanisms effected by the 
macrophages themselves. For example, macrophages 
participate in the active elimination of cholesterol crys- 
tals from the plaque via an M-CSF-induced increase in 
enzymes which metabolize lipids and cholesterol, the 
formation of HDL, the generation of gamma interferon 
and the formation of discoidal and vesicular lipo- 
proteins. Macrophages can also leave the plaque, 
loaded with lipids and cholesterol. 

The lipoperoxides which accumulate within the 
macrophages are cytotoxic. These kill the cells and are 
thereby released into the core of the plaque, which is 
prone to rupture, partly as a result of the action of 
enzymes released by the dying cells. This event marks 
the transition from the chronic ‘silent’ phase of 
atherosclerosis to the acute, life-threatening stage. One 
complication of plaque rupture is vessel thrombosis. 
Phagocytes are important factors in the thrombotic 
process, producing tissue factor (TF) which induces the 
coagulation cascade. In cells of the vessel wall, TF is 
highly inducible by a variety of agents, including TNF, 
endotoxin, interleukin-1, x-thrombin and ROS. Simi- 
larly, in monocytes TF production is stimulated by a 
variety of inflammatory mediators, such as ROS, endo- 
toxin, C-reactive protein and by adherence to endothe- 
lial cells. In arterial smooth muscle cells, growth 
factors, angiotensin II and x-thrombin are all capable 
of inducing TF expression. 


CP] Protease-nexin Anticoagulant 
Hep-like ATII] complex 
+ THROMBOMODULIN 
PLATELETS THROMBIN ENDOTHELIUM 


Aggregation A a Endothelin 
Release: PAI-2<q-ROS—> NO 

Serotonin Fg 

PDGF Fn-clot 

PF4 


* 82-thromboglobulin VASODILATATION 


(clot removal) 

Fig. 2. Effects of thrombin in atherosclerosis. Effects of thrombin are 
designated by an arrow and a + or — sign, respective of whether 
the result is an activation or an inhibition. An interrupted arrow 
( ) means that the effect is inhibited. Abbreviations used are: P, 
phagocyte; Hep-like ATIII, heparin-like antithrombin III; ROS, reac- 
tive oxygen species; PAI2, plasminogen activator inhibitor 2; Fg, 
fibrinogen; Fn, fibrin; PDGF, platelet-derived growth factor; PF4, 
platelet factor 4. 


3. Tissue factor in thrombogenesis 


Evidence to implicate TF in atherosclerotic thrombus 
formation continues to accumulate. Intimal endothelial 
cells do not contain detectable TF mRNA or TF 
protein and, in medial smooth muscle cells, TF protein 
is present only at very low levels. However, adventitial 
fibroblasts sequestered from the circulating arterial 
blood give strongly positive immunostaining and 
mRNA hybridization for TF. Furthermore, endothe- 
lium from plaques from carotid endarterectomy speci- 
mens are negative for TF mRNA and protein in the 
endothelium, whilst a positive response was obtained in 
cells presumed to be smooth muscle cells, and in foam 
cells and monocytes adjacent to cholesterol clefts and in 
the necrotic core of the plaque [5]. Therefore, TF 
induction in the plaque could contribute to the hyper- 
thrombotic state of atherosclerotic vessels. The frequent 
expression of TF in de novo lesions of patients with 
unstable coronary syndromes also suggests that TF 
plays a central role in the pathogenesis of this disease 
process and implies that such patients may benefit from 
the use of TF pathway inhibitors [6]. 

The coagulation cascade, induced by TF, leads to the 
generation of thrombin that, in addition to the forma- 
tion of fibrin clots, acts on several components of the 
atheromatous vessel. Thrombin is chemotactic for 
monocytes and neutrophils, activates these cells and 
stimulates platelet aggregation (Fig. 2). Whereas in 
normal vessels thrombin induces vasodilation, in 
atherosclerosis it decreases endothelial production of 
nitric oxide and increases the production of endothelin- 
1 and, consequently, vasoconstriction. Through their 
proteolytic and fibrinolytic effects, neutrophils and 
monocytes may be beneficial, by lysing a formed clot. 
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4. Conclusions 


Phagocytes appear to play a major role in the evolu- 
tion of the atheromatous plaque, the progression from 
a chronic to an acute phase (i.e. plaque rupture) and in 
the formation and lysis of thrombi. Therefore, the 
pharmacological manipulation of phagocyte action by 
anti-inflammatory agents may have beneficial effects. 
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1. Introduction 


The cells of the cardiovascular system may be found 
both in a relatively quiescent, essentially inactive state 
and also in a state in which several forms of activation 
are manifest, including (depending on the type of cell 
involved) oxygen free-radical formation, expression of 
adhesion molecules and cytokines, degranulation and 
the projection of pseudopodia (Fig. 1). Although each 
of these signs of activation are integral to physiological 
functions, abnormal generalized circulatory cell activa- 
tion occurs during some forms of cardiovascular disease 
and may even be found associated with conditions 
causing cardiovascular risk prior to signs of overt dis- 
ease. 


2. Forms of cell activation and their consequences 


The projection of pseudopodia by circulating leuko- 
cytes [1], platelets or endothelial cells [2] has an immedi- 
ate profound effect on local perfusion, particularly in 
the capillary segment of the microcirculation. Leuko- 
cytes with pseudopodia have reduced deformability and 
so can reduce blood rate even in the normal circulation 
[3] and are likely to become trapped in the microcircu- 
lation [4]. 

The expression of surface adhesion molecules, such 
as the selectins, integrins and members of the im- 
munoglobulin superfamily, represents another aspect of 
cell activation, important in immunology but also of 
significance in the progression of cardiovascular disease 
[5]. These molecules mediate a cascade of leukocyte/ 
platelet/endothelial interactions accompanied by oxy- 
gen free-radical formation, leukocyte migration and 
degranulation [6,7]. Several adhesion molecules are 
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stored in intracellular granules and become incorpo- 
rated into the plasma membrane on degranulation. In 
lysosomes, degranulation also leads to the release of 
proteolytic enzymes, possibly accompanied by marked 
parenchymal cell damage. 

In models of circulatory challenge, the degree of cell 
activation influences the prognosis. In hemorrhagic 
shock, for example, animals with low activated leuko- 


Fig. 1. Scanning electron micrographs of inactive (upper image) and 
activated (lower image) leukocytes. A pseudopodium extends from 
the activated cell; the inactive cell lacks membrane projections. 
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Table | 
Mechanisms of granulocyte/monocyte activation 


1 Activating agents, e.g. complement products, LTB,, PAF, 
LPS, interleukins, TNF, oxidized lipids and cholesterol, etc 

2 Depletion of deactivators, e.g. adenosine, albumin, nitric ox- 
ide, corticosteroids. 

3 Shear stress 

4 Cell contact activation, e.g. on endothelial cells expressing se- 
lectins, ICAM-1 


cyte counts prior to the reduction in blood pressure 
have a higher chance of surviving the period of low 
flow [8]. 


3. Manifestations of cell activation in humans 


Most measurements of cell activation in the human 
circulation are limited to circulating leukocytes and 
platelets, although activation may also involve other 
cell types. In stroke [9], myocardial infarction [10], 
claudication [11] and venous disease [12], circulating 
leukocytes exhibit significantly elevated levels of activa- 
tion. A similar picture of cell activation may be ob- 
served in smokers with a significant risk for 
cardiovascular disease [13]. In addition, the ability to 
activate naive leukocytes from smokers suggests that 
the plasma of smokers contains an activating factor 
which is likely to reach all organs, thereby potentiating 
the widespread organ complications which often ac- 
company smoking. 

In animal models, the majority of activators affect 
both neutrophils and monocytes to a similar degree. 
However, the activation in humans may be more differ- 
entiated: neutrophil activation may lead to acute infl- 
ammation and tissue injury, while monocyte or T 
lymphocyte activation may lead to chronic atheroscle- 
rosis as well as other chronic cardio-vascular complica- 
tions. 


4. Activators versus deactivators 


In addition to the traditional activating factors, 
leukocytes may be activated by the depletion of deacti- 
vating factors (Table 1). Activation is often accompa- 
nied by integrin-mediated cell adhesion and free radical 
formation. There is extensive evidence that fluid shear- 
stress also influences both platelet and endothelial cell 
function [14]. Transient shear-stress activates endothe- 
lial cells, as does membrane contact. Chronic shear- 
stress induces stress fiber formation and is accompanied 
by the downregulation of many cell functions, including 
those of leukocytes. 


5. Influence of shear-stress on leukocyte activation 


The majority of circulating leukocytes are relatively 
passive, in contrast to the active amoeboid motion and 
adhesion to the endothelium required for their migra- 
tion from the bone marrow. Recent evidence suggests 
that application of a mild fluid shear-stress (approxi- 
mately 1 dyn/cm?) to leukocytes in vitro leads to instan- 
taneous retraction of pseudopodia and is also 
associated with F-actin formation and cytoplasmic stiff- 
ness. This suggests that fluid shear-stress of the magni- 
tude encountered in the circulation is an important 
regulator of leukocyte activation [15]. 


6. Conclusion 


The elucidation of the mechanisms underlying gener- 
alized cell activation in the cardiovascular system may 
reveal novel approaches for intervention in several 
forms of cardiovascular disease. 
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1. Basis of atherosclerosis 


The pathophysiology of vascular disease is character- 
ized by an impairment of the nutritive microcirculation 
arising from impaired blood flow and cellular function. 
While erythrocytes and platelets, in particular, are im- 
plicated in atherogenesis, it has become evident that 
leukocytes also play an important role in the nonreflow 
phenomenon in ischemic tissue under pathophysiologi- 
cal conditions of low blood flow or low pressure gradi- 
ents [1]. 

The development of atherosclerosis in large arteries is 
determined by two factors: the vessel wall structure and 
the vessel contents (e.g. blood cells, lipoproteins and 
cholesterol). These factors are linked to the accumula- 
tion of intimal lipid and the development of fibrous 
changes within the intimal layer. The non-Newtonian 
nature of blood, which generates complex hemody- 
namic forces such as shear-stress, high- and low-veloc- 
ity gradients and pressure gradients, also plays a role in 
atherogenesis, as does the gross geometry of the vessels. 
Areas in which laminar flow is disturbed and vortices 
and reverse-flow are found, e.g. at vessel bifurcations 
and sharp curvatures, appear to be particularly prone 
to atherosclerotic lesion development [2]. 


2. Role of oxidized LDL on cell function in 
atherogenesis 


Oxidized low-density lipoprotein (oxLDL) has been 
identified as a potent chemotactic agent, instrumental 
in the migration of leukocytes into the subendothelial 
space during early atherogenesis [3,4]. Interestingly, 
oxidized LDL is far more atherogenic than native LDL. 
Using a skinfold chamber model in hamsters and mice, 
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it has been demonstrated that oxLDL, but not native 
LDL, elicits rolling of leukocytes and their adhesion to 
the microcirculatory endothelium within minutes of 
oxLDL injection [5]. Such adhesion is now recognized 
as an early marker of an inflammatory response. This 
adhesion of leukocytes (neutrophils, monocytes and 
lymphocytes) to blood vessel walls is promoted by 
endothelial adhesion molecules. A number of inflamma- 
tory mediators and cytokines have been described that 
promote leukocyte adhesion and also induce the ex- 
travasation of plasma macromolecules [6]. Mediators 
elaborated by leukocytes, including prostanoids, 
leukotrienes and platelet-activating factor, may affect 
the intrinsic vascular wall and so contribute to lesion 
formation. 


3. Action of pentoxifylline (PTX) 


Pentoxifylline (PTX) improves microcirculatory per- 
fusion of both the peripheral and cerebral vascular 
beds. The underlying mechanism of action appears to 
be related to an increase in erythrocyte deformability, a 
reduction in blood viscosity, a reduction in plasma 
fibrinogen concentration and an improvement in 
platelet and leukocyte function. In addition to its role 
in modifying specific atherogenic properties within 
blood cells, PTX also elicits beneficial endothelial re- 
sponses, enhancing fibrinolysis and stimulating the anti- 
aggregatory activity of prostacyclin, as measured by an 
increase in platelet cAMP (PTX inhibits phosphodi- 
esterase activity and stimulates cAMP production in the 
platelets) [7]. Furthermore, PTX exhibits favourable 
effects on endotoxin-induced shock or inflammation [8]. 

In investigating these vessel wall effects, animal mod- 
els have been used to study the effects of PTX on the 
susceptibility of the wall to laser-induced thrombus 
formation and to atherosclerotic plaque development. 
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Fig. 1. Effects of several vascular agents on susceptibility of blood 
vessel endothelium to laser-induced thrombus formation. 


The results demonstrate that thrombi form after local- 
ized endothelial cell damage, in the absence of damage 
to the basal lamina. It has also been shown that 
platelets and fibrinogen accumulate near the area of 
damage. PTX exhibits dose-dependent inhibition of 
mesenteric thrombus formation in rats and rabbits, 
with a significant antithrombotic effect observed in rats 
after a PTX dose of 10 mg/kg (Fig. 1). 

In addition, studies on hamsters and rats have shown 
that PTX significantly inhibits oxLDL-induced leuko- 
cyte adhesion to the microvascular endothelium of arte- 
rioles [9], as well as LPS-induced leukocyte adhesion in 
venules (Fig. 2). PTX (3 mg/kg) also reduces endotoxin- 
induced rat endothelial permeability to macro- 
molecules, as shown by the extravasation of 
fluorescently-labelled rat serum albumin (Fig. 3). 
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Fig. 2. Effects of pentoxifylline on endotoxin (lipopolysaccharide)-in- 
duced leukocyte adhesion in venules. 
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Fig. 3. Pentoxifylline (PTX) effect on endotoxin (lipopolysaccharide)- 


induced wall permeability in venules. 


4, Summary 


PTX counteracts the increased microvessel perme- 
ability which is a feature of the inflammatory aspect of 
atherogenesis. Furthermore, PTX inhibits oxLDL-in- 
duced leukocyte adhesion and, via its positive influence 
over fibrinolysis and anti-aggregatory factors (e.g. 


prostacyclin), inhibits thrombus formation. PTX 
thereby preserves the integrity of the walls of the micro- 
circulatory blood vessels, while reducing the likelihood 
of thrombosis and its potentially life-threatening seque- 
lae. 
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1. Introduction 


Peripheral arterial disease (PAD) affects approxi- 
mately 30% of older individuals in the general 
population (Fig. 1). The principal symptom, inter- 
mittent claudication, occurs only rarely in those 
under 50 years of age, but increases dramatically 
in older individuals. In the Edinburgh Artery 
Study, a random sample survey of the general 
population, the prevalence of claudication in men 
increased from 2.2% in the 50 to 59 year age 
group to 7.7% in the 70 to 74 year age group [1]. 
In most surveys, the prevalence is slightly higher in 
men than in women; however, this difference di- 
minishes with age. 


2. Assessment of asymptomatic disease 


Recently, increasing effort has been made in the 
measurement of asymptomatic disease in the legs. 


Intermittent claudication 
5% 


Major occult disease 
8% 


Minor occult disease 
17% 


None 
70% 


Fig. 1. Prevalence of peripheral arterial disease in the general popula- 
tion aged 55 to 74 years. 
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Population-based studies have, for the most part, 
used the ankle brachial pressure index (ABPI), the 
ratio of ankle to arm systolic pressure, as an indi- 
rect indicator of asymptomatic disease. The results 
of these studies suggest that for every claudicant in 
the community, there are at least two individuals 
with asymptomatic disease of sufficient severity to 
produce a reduction in the ABPI [2]. The Edin- 
burgh Artery Study, in which ABPI and a reactive 
hyperaemia test were used as measures of asymp- 
tomatic PAD, revealed that approximately 25% of 
the population aged between 55 and 74 years had 
findings suggestive of asymptomatic disease. 


3. Co-incidence of peripheral arterial disease with 
coronary artery disease and thrombotic stroke 


Since arterial disease in the legs, coronary artery 
disease and the majority of strokes represent mani- 
festations of atherosclerosis, it is not surprising that 
the three conditions often occur together. The 
prevalence of coronary artery disease among claudi- 
cants in the general population is between two and 
four times higher than in non-claudicants. Around 
50% of claudicants also suffer from angina and, 
conversely, patients with angina are six times more 
likely to have claudication (Speedwell Study) [3]. 
Furthermore, the Edinburgh Artery Study [1] and a 
longitudinal study (Malmo) [4] have shown that in- 
dividuals with major asymptomatic PAD are twice 
as likely as normal subjects to suffer from con- 
comitant coronary artery disease. These studies also 
showed that individuals with asymptomatic PAD 
had a two- to three-fold higher coronary event rate 
during 5 to 8 years of follow-up, compared with 
healthy controls [4,5]. 
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4. Risk factors for peripheral arterial disease 


Cigarette smoking is an important risk factor for 
PAD. Among vascular patients attending hospital, 
more than 90% have a history of current or recent 
smoking [6]. It has been estimated that approximately 
half the occurrence of PAD in the community might be 
attributable to smoking [7], which would appear to 
have a greater effect than other risk factors. Smoking 
may, however, be more important in the development 
of PAD than of coronary artery disease—the risk of 
PAD being at least three-fold higher in smokers than in 
non-smokers [8]. 

The role of elevated blood pressure as a risk factor 
for PAD has been difficult to study, particularly as it is 
unclear whether some blood pressure elevation may be 
due to PAD itself, rather than vice versa. Hospitalized 
vascular cases tend to have higher mean blood pres- 
sures and prevalence of hypertension than healthy con- 
trols. In the general population, intermittent 
claudication has been shown to be related to elevations 
in both systolic and diastolic pressure [9], although a 
more consistent relationship exists with systolic pres- 
sure. For example, in the Edinburgh Artery Study [8] 
systolic blood pressure was significantly higher in indi- 
viduals with both symptomatic and asymptomatic PAD 
than in normal subjects. Similarly, a US study has 
shown that hypertension imposed a three-fold increase 
in the risk of intermittent claudication at a 26-year 
follow-up (Framingham Study) [10]. 

The link between serum lipid levels and the risk of 
PAD has been the subject of several hospital studies 
[11] that have suggested that serum triglycerides may be 
more strongly related to PAD than to coronary artery 
disease, possibly because the most severe cases are 
identified in hospital. This raises the question of 
whether serum triglycerides exert a more profound 
effect in the population of patients with severe PAD 
and coronary artery disease. In the general population, 
claudicants have higher serum triglyceride and choles- 
terol levels and lower high-density lipoprotein choles- 
terol levels than non-claudicants [10]. However, some 
studies suggest that, as with coronary artery disease, 
serum triglyceride levels are not associated with risk for 
PAD after adjustment has been made for other lipids 
{8,12,13]. 

Diabetes mellitus is a recognized risk factor for criti- 
cal limb ischemia and is related to the occurrence of 
milder forms of PAD. There is some indication, how- 
ever, that contrary to observations made in hospital, 
diabetes mellitus is not much more strongly related to 
PAD than to coronary artery disease in the community 
[8]. Diabetes may be a risk factor for PAD because of 
other effects of the disease contributing to critical limb 
ischemia, e.g. peripheral neuropathy and microvascular 
disease. However, the relationship between diabetic 


: 
Amount 
of 
disease 


Fibrinogen 


Fig. 2. The relationship between smoking, plasma fibrinogen level 
and peripheral arterial disease. 


status and PAD has been found to be independent of 
other risk factors, such as age, cigarette smoking, blood 
lipid levels, body mass index and alcohol intake [8]. 
This implies that diabetes is likely to be an independent 
risk factor for PAD. 

In addition to the classic coronary risk factors of 
smoking, hypercholesterolemia and hypertension, many 
other factors have been investigated as possible etiolog- 
ical agents for PAD. There is now strong evidence that 
plasma fibrinogen is related to both symptomatic and 
asymptomatic PAD in both smokers and non-smokers 
in the community [14] (Fig. 2). The Caerphilly and 
Speedwell Study [3] has shown that plasma fibrinogen is 
a risk factor for future intermittent claudication. Hy- 
percoagulability, decreased fibrinolysis and increased 
blood viscosity may also be important [14—16] factors 
in the development of PAD and might be amenable to 
pentoxifylline intervention. 
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1. Introduction 


In most developed countries, healthcare budgets ac- 
count for a sizeable proportion of gross domestic 
product and have been subject to growing downward 
pressure. This has resulted in an increased level of 
interest in the socio-economic impact of disease and the 
economic evaluation of therapies, which involves a 
comparison of the costs and consequences of alterna- 
tive treatments. Economic evaluation has now been 
applied widely to all forms of healthcare [1]. 


2. Burden of illness estimates in peripheral arterial 
disease 


Economic burden of disease is typically considered to 
consist of three components: the direct costs, e.g. the 
resources used to treat the disease; the indirect costs, 
e.g. the loss of productivity of the patients or their 
carers; and thirdly, intangibles, i.e. the reductions in 
quality of life through pain or suffering associated with 
the disease. 

To date, published burden of illness estimates have 
concentrated on critical limb ischemia (CLI) [2,3]. The 
main indices of burden included in the analysis by Hart 
and Guest [3] were direct costs: (i) the number and cost 
of general practitioner consultations and prescriptions; 
(ii) the number and cost of in-patient procedures; (iti) 
the amount and cost of long-term and community care 
services; (iv) the number and cost of hospital out-pa- 
tient referrals; (v) the number and cost of diagnostic 
procedures; and (vi) the amount and cost of ambulance 
transport. They developed a treatment path model for 
CLI patients in the UK (Fig. 1), which formed the basis 
for estimating the total annual cost of CLI management 
(Fig. 2). This estimate allowed the conclusion that the 
future burden of CLI depends largely on factors affect- 
ing the requirement for reconstructive vascular surgery 
and amputation, which accounted for an estimated 56% 
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of the total cost of CLI management. Therefore, effec- 
tive non-surgical intervention in CLI, such as drug- 
based therapy, could produce marked savings for the 
healthcare services. 


3. Economic evaluation of treatments in peripheral 
arterial disease (PAD) 


As with studies of the burden of illness, the majority 
of economic evaluations of peripheral vascular disease 
consider the options for the treatment of more ad- 
vanced disease, such as CLI. For example, Davies et al. 
[4] compared the cost-effectiveness of primary limb 
amputation and arterial reconstruction and found that 


Critical limb 
ischemia 


Primary 
healthcare 
Conservative Active 


management (10 %) intervention (90%) 


Lifestyle || Tender} |Surgery = Thrombolysis} | Angioplasty 
Foot care}| loving | | (79%) (9%) (12 %) 
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stay (10%) 


Home/community 
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Fig. 1. Treatment path model for critical limb ischemia patients [3]. 
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Total cost: £213.9 million 
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Fig. 2. Composition of the burden of illness for critical limb ischemia 
in the UK (1994 costs) [3]. Reproduced with permission of Brook- 
wood Medical Publications, Ltd., UK. 


the latter option resulted in lower overall costs. This 
was due to the relatively low use of rehabilitation and 
community care services by patients in the arterial 
reconstruction treatment group. 

Hunick et al. [5] compared the relative benefits and 
cost-effectiveness of revascularization for femoropo- 
pliteal disease via percutaneous translumenal angio- 
plasty or bypass surgery, using a decision analysis 
model based on data from the literature for mortality, 
morbidity, potency and cost. The conclusion was that, 
in patients with disabling claudication and femoropo- 
pliteal stenosis or occlusion and in patients with chronic 
critical ischemia with stenosis, angioplasty is the pre- 
ferred initial interventional treatment. In contrast, by- 
pass surgery was found to be the preferred initial 
treatment in patients with chronic critical ischemia and 
femoropopliteal occlusion. 

In a comparison of thrombolytic (urokinase) therapy 
versus surgical intervention in acute peripheral arterial 
ischemia, limb salvage and survival rates were used as 
the primary endpoints [6]. Although cumulative limb 
salvage rates were the same for both treatment groups 
(82% at 12 months post-intervention), the cumulative 
survival rate was significantly greater in the group 
receiving thrombolysis (84% vs 58% at 12 months, 
P=0.01). Furthermore, there was only a modest in- 
crease in hospital cost in the thrombolysis treatment 
group, compared to that of the surgical group (median 


$15672 vs. $12253, P=0.02). It was concluded that 
intra-arterial thrombolytic therapy was associated with 
a reduced incidence of cardiopulmonary complications 
while in hospital and a corresponding increase in pa- 
tient survival rate, without an appreciable increase in 
costs. Thrombolytic therapy may, therefore, represent a 
therapeutically and cost-effective alternative to surgery 
in the initial treatment of acute limb-threatening PAD. 

While there are few published economic evaluations 
of drugs, such as pentoxifylline (PTX), which are indi- 
cated for use in the earlier stages of PAD, a study has 
been conducted to evaluate the Medicare care and cost 
outcomes of PAD treatment with PTX [7]. In this 
study, the use of a therapeutic dose of PTX for 120 
days significantly reduced the requirement for PAD-re- 
lated invasive therapy and diagnostic procedures, but 
did not lower the risk for PAD-related hospitalization 
and related care. Nevertheless, the high cost of manag- 
ing the later stages of PAD suggests that effective early 
treatment could offer the potential for general resource 
savings, as well as improving the quality of life of the 
patient. 


References 


[1] Backhouse ME, Backhouse RJ, Edey SA. Economic evaluation 
bibliography. Health Econ 1992;1(Suppl):1. 

Borgonovi E, Tarricone R. Stima dei costi sanitari dell’ ischemia 
critica cronica degli arti. Ann Ital Med Intern 1993:8(Suppl):818. 
Hart WM, Guest JF. Critical limb ischaemia: the burden of 
illness in the UK. Br J Med Econ 1995;8:211. 

Davies LM, Noone M, Drummond MF, Cheshire N, Wolfe J. 
Technology assessment in the development of guidelines for 
vascularising the ischaemic leg. CHE/HYEC Discussion Paper 
89, York: University of York, 1991. 

Hunick MG, Wong JB, Donaldson MC, Meyerovitz MF, de 
Vries J, Harrington DP. Revascularization for femoropopliteal 
disease. A decision and cost-effectiveness analysis. J Am Med 
Assoc 1995;274(2):165. 

[6] Ouriel K, Shortell CK, DeWeese JA, Green RM, Francis CW, 
Azodo MV, et al. A comparison of thrombolytic therapy with 
operative revascularization in the initial treatment of acute pe- 
ripheral arterial ischemia. J Vasc Surg 1994;19(6):1021. 
Stergachis A, Sheingold S, Luce BR, Psaty BM, Revicki DA. 
Medical care and cost outcomes after pentoxifylline treatment 
for peripheral arterial disease. Arch Intern Med 
1992:152(6):1220. 


2 
: 
Sr 


ELSEVIER 


Atherosclerosis 131 Suppl. (1997) $35-S36 


ATHEROSCLEROSIS 


Quality of life assessment in peripheral arterial disease 


William R. Hiatt ! 


The Colorado Prevention Center, University of Colarado Health Sciences Center, 789 Sherman Street, Suite 200, Denver, CO 80203, USA 


1. Introduction 


Patients with symptomatic peripheral arterial disease 
(PAD) have a limited arterial supply which does not 
meet the metabolic demand of the muscles of the lower 
extremity, resulting in intermittent claudication during 
ambulatory activity. Claudication affects a large pro- 
portion of the middle-aged and elderly population, with 
an estimated prevalence of 3—7% in the general popula- 
tion. Many patients with claudication have severely 
limited walking ability, adversely affecting their social, 
leisure and occupational activities. In one study, up to 
38% of patients under the age of 55 years seeking 
treatment for claudication were disabled and required 
public assistance [l]. These statistics have greatly in- 
creased the interest in the evaluation of the clinical 
efficacy of established therapies for PAD, such as exer- 
cise rehabilitation programs, surgery or angioplasty. In 
addition, there are several major ongoing clinical trials 
evaluating the efficacy of new pharmacological agents 
to treat claudication and improve functional capacity. 
Whether the patient is being considered for enrollment 
in a Clinical trial, or is presenting to their physician for 
an approved therapy, it is critical to recognize that the 
primary treatment goals are the relief of claudication 
pain and an improvement in daily ambulatory activity. 
This would in turn be expected to produce an increase 
in the range of physical activities which the patient can 
perform. The severity of functional impairment at base- 
line and the response to therapy can be reliably evalu- 
ated using a number of instruments. 


2. Approach to testing 
Treatment decisions for patients with claudication 
should include the following two criteria: (1) patients 


selected for treatment should have a clinically signifi- 
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cant degree of functional impairment as a result of 
claudication; and (2) clinicians should recommend only 
specific claudication therapies which have been scientifi- 
cally demonstrated to improve functional status. Thus, 
the primary outcome measures of all claudication inter- 
ventions should be patient-based and should be capable 
of demonstrating clinically relevant changes in func- 
tional status. 


3. Laboratory assessment of claudication therapy 


Historically, a number of laboratory-measured vari- 
ables have been used to assess treatment results, includ- 
ing changes in peripheral hemodynamics, e.g. the 
ankle-brachial pressure index (ABPI), and treadmill 
exercise performance. The evaluation of changes in 
peripheral hemodynamics has been a primary means of 
assessing the technical success of bypass surgery or 
angioplasty. However, these tests do not correlate well 
with the degree of exercise impairment or with func- 
tional limitation in patients with claudication. In addi- 
tion, a number of medical treatments can significantly 
improve treadmill exercise performance with no alter- 
ation in leg blood flow or ankle blood pressure. Also, 
some interventions may improve a hemodynamic end- 
point independently of any meaningful clinical modifi- 
cation (e.g. angioplasty may augment ankle blood 
pressure, but may not improve functional status). 
Therefore, the monitoring of changes in peripheral 
hemodynamics alone is an inadequate measure of treat- 
ment success in patients with intermittent claudication. 

A change in treadmill performance in response to 
therapy is the most commonly used endpoint in clinical 
claudication trials. The advantage of using the treadmill 
test to evaluate claudication treatment is that it pro- 
vides reproducible objective data. It is, however, an 
expensive method and does not directly assess patient 
perception of functional impairment, nor whether ther- 
apy has resulted in benefit. In future clinical trials of 
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Fig. 1. Correlation between treadmill test score (time to claudication) 
and distance score derived from WIQ questionnaire [3]. 


claudication therapy, it has been suggested that labora- 
tory assessments should serve only as secondary end- 
points. 


4. Questionnaire assessment of functional status 


Questionnaires provide patient-based information on 
claudication severity and response to therapy. A com- 
prehensive approach should be adopted to encompass a 
wide range of functional domains. For example, it 
would be expected that all claudication therapies would 
alleviate pain and improve walking capacity. Such an 
improvement could, but would not necessarily, lead to 
an improved quality of life. 

The Walking Impairment Questionnaire (WIQ) has 
been developed and validated specifically in the claudi- 
cation population and quantifies the ability to walk 
defined distances, at different speeds, and to climb 
flights of steps, as well as rating the severity of claudica- 
tion pain [2]. It is therefore, a disease-specific instru- 
ment for use in the community setting. The WIQ has 
been validated by comparison with the graded treadmill 
test (Fig. 1) [3] which has been shown to give stable and 
reproducible results [4] and has been used extensively in 
clinical trials of claudication drugs (results not pub- 
lished). 

The Physical Activity Recall (PAR) questionnaire 
provides a more global measure of physical activity, 
estimating total energy expenditure [5] and has been 
used primarily in large population studies of healthy 


Table 1 
Parameters evaluated by the SF-36 questionnaire 


Physical function 
Social function 
Role function 
Overall health 
Pain 

Vitality 

Health perceptions 


individuals, as well as in diabetics [6]. The Medical 
Outcomes Study SF-36 questionnaire evaluates physical 
function and role limitations and has been extensively 
validated in patients with somatic and psychiatric con- 
ditions of varying severity [7]. In contrast to the WIQ 
and PAR, which measure only walking ability and 
physical activity, the SF-36 assesses multiple functional 
domains (Table 1). 

In summary, the questionnaires described above rep- 
resent essential elements in the accurate assessment of 
treatment outcomes in intermittent claudication, de- 
scribing the overall impact of claudication and its treat- 
ment on health status. 
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1. Epidemiology and risk 


Peripheral occlusive arterial disease (POAD) is a 
common disorder, with a prevalence in the elderly of 
approximately 10% [1]. POAD is one manifestation of 
generalized atherosclerosis with a co-morbidity between 
POAD and coronary artery disease (CAD) of 50—90% 
[1]. Asymptomatic but angiographically severe CAD is 
to be expected in approximately 30% of POAD patients 
[2]. Cardiac mortality in asymptomatic (Stage I) POAD 
is increased by a factor of 2 to 3 and will rise by an 
additional factor of 2 if the disease becomes symp- 
tomatic [3]. Cardiac mortality is also dependent on the 
degree of hemodynamic impairment which accompanies 
POAD. An assumed overall mortality of 5% in a gen- 
eral POAD population will fall to 3% in mildly diseased 
patients (ank‘e/brachial pressure index [ABPI] > 0.5), 
but will rise to approximately 10 to 15% in individuals 
with an ABPI <0.5 [3,4]. Therefore, POAD has a high 
cardiac co-morbidity and mortality and can be used as 
a marker for asymptomatic CAD. 


2. Claudication distance testing 


In the clinical trial setting, both initial claudication 
distance (ICD) and absolute claudication distance 
(ACD) are routinely assessed by treadmill testing, using 
either a graded- or fixed-load treadmill protocol with a 
treadmill speed of 3.2 km/h (2 mph) and a gradient of 
12%. These high speed and gradient values are used in 
order to reduce procedure-related variance and to guar- 
antee a high test reproducibility (inversely correlated 
with applied work load per unit time). However, such 
treadmill settings are totally unphysiological, because 
no patient continuously walks at high speed (2 mph) up 
a steep (12%) slope. This means that if real-life conclu- 
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sions are to be drawn from treadmill tested claudication 
distance changes, conversion factors must be applied. 
Since speed and gradient are independent variables, 
both must have a conversion factor (of 2—3) applied, 
yielding a total conversion factor of 4—6 [5—9]. There- 
fore, if a patient showed an improvement in ICD of 20 
m on a treadmill at 3.2 km/h with a slope of 12%, the 
corresponding improvement in daily life walking ability 
would be 80-120 m. In the survey of pentoxifylline 
(PTX) effects on claudication distances described be- 
low, a conservative conversion factor of 2.5 has been 
chosen in order to ensure that the effects of PTX are 
not over-estimated. 


3. Results with pentoxifylline 


This survey focuses on pivotal trials of PTX in 
POAD Stage II (intermittent claudication) [10-12], 
with particular emphasis placed on the study by 
Lindgarde et al. [12]. The Porter et al. [10] and 
Lindgarde et al. [12] studies both fulfill all requirements 
of the 1996 European Union Guidelines [13], being 
double-blind, placebo-controlled, parallel group studies 
of 6 month duration. Both studies included a 4—6 week 
run-in period, during which stability of claudication 
distance had to be proven (i.e. ICD variance < 25%). 
The 95% confidence intervals for the differences in 
results from the compared groups are shown in Fig. 
l(a—c), from which two conclusions may be drawn. 
Firstly, all results (whether ICD, ACD or minimum 
improvement measured between weeks 16 and 24, 
which is the most conservative endpoint estimate possi- 
ble) favored PTX and, secondly, the reproducibility of 
the individual study results was confirmed. 

Using the conservative factor of 2.5 for the conver- 
sion of treadmill tested changes in claudication distance 
into values relevant to everyday life, the PTX group 
was found to exhibit increases in ICD and ACD of 88 
and 112 m [10] and 154 and 165 m [12], respectively. 
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In addition to the intention-to-treat population (Fig. 
l(a—c)), two sub-populations are of particular clinical 
interest: (i) patients with seriously limited walking abil- 
ity, having the poorest prognosis and being candidates 
for reconstruction, and (ii) patients exhibiting the 
highest probability of a successful outcome with PTX 
treatment and thus presenting with a true indication for 
PTX. 

In patients with a baseline ICD <70 m, the im- 
provement in claudication distance for PTX and for 
placebo were found to be 82 and 15 m [10] and 109 and 
41 m [12], respectively (values converted to ‘everyday’ 
conditions). Using the more rigorous minimum im- 
provement assessment, rather than using mean results, 
during study weeks 16-24, the following results were 
achieved from the Porter et al. study [10]: ICD (PTX- 
treated) 86 m, ACD (PTX-treated) 85 m, ICD (placebo) 
23 m, ACD (placebo) 32 m. The results of the 
Lindgarde et al. study [12] were: ICD (PTX) 104 m, 
ACD (PTX) 104 m, ICD (placebo) 53 m, ACD 
(placebo) 35 m. 

In the Scandinavian study [12], a responder or target 
population was defined on the basis of a duration of 
POAD symptoms of > 1 year and an ABPI <0.8. This 
population exhibited the best results with PTX treat- 
ment (Fig. 1(d)), as well as the greatest probability of a 
successful PTX treatment outcome. Converted to ‘ev- 
eryday’ conditions, the PTX-induced increase in walk- 
ing distances were 191 and 208 m for ICD and ACD, 
respectively, (placebo ICD: 95 m; placebo ACD: 118 


in favor of in favor of 
placebo Trental 
Wk. 24 ICD 
US CT] Wk. 24 ACD 
Study ae Minimum Wk 16-24 ICD 
(= Minimum Wk 16-24ACD 
Wk. 24 ICD 
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B 
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aa Minimum Wk 16-24ACD 
CT _] | wk.24icp 
— Wk. 24 ACD 
D Target 
Population = Minimum Wk 16-24 ICD 
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80 60 40 20 0 20 406080 | 


Fig. 1. Beneficial effect of Trental (pentoxifylline) on initial claudica- 
tion distance (ICD) and absolute claudication distance (ACD) in US 
and Scandinavian studies (data from [10,12)). 
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Fig. 2. A treatment algorithm for peripheral occlusive arterial disease. 


m). The improvements in minimum distance walked for 
ICD and ACD were 130 and 139 m, respectively, 
(placebo ICD: 42 m; placebo ACD: 36 m). The magni- 
tude of these improvements in walking distance may be 
regarded as being clinically relevant. 

The results of these two pivotal studies are confirmed 
by a number of smaller scale trials, 19 of which have 
been used in two summary analyses [14,15]. 

The results for PTX in Stage II POAD confirm: that 
statistically significant and clinically relevant improve- 
ments in walking distance are achieved; that this con- 
clusion is also valid for patients with pronounced Stage 
IIb disease with claudication distances <70 m; and 
that the combination of PTX plus exercise therapy is 
beneficial. Based on these findings and taking into 
account the current socio-economic environment, a 
treatment algorithm (Fig. 2) is suggested. 
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Conclusions 


Peripheral occlusive arterial disease (POAD) is a common disorder, which is particularly prevalent in the elderly, 
with an incidence of approximately 10%. It is but one manifestation of generalized atherosclerosis indeed, there is 
co-morbidity between POAD and coronary artery disease (CAD) (another product of the atherosclerotic process) of 
between 50-90%. 

In POAD, the atherosclerotic plaque represents a protective, inflammatory-fibroproliferative response to a variety 
of insults, including smoking, hypercholesterolemia and hypertension. In addition to the role played by endothelial 
shear-stress, which can activate endothelial cells and thereby lead to increased cell replication, a number of blood cell 
responses are instrumental in the initiation and development of the atherosclerotic plaque, including the dynamic 
accumulation within the plaque of monocytes, activated macrophages and lipid-laden ‘foam cells’. Activated 
macrophages generate numerous molecules which have the potential to inflict damage upon blood vessels. Central to 
this disease process is the production of reactive oxygen species, which can elicit the oxidation of low-density 
lipoproteins and increase vascular hyperpermeability. There is strong evidence to suggest that oxidized LDL (oxLDL) 
is a pivotal component of the atherosclerotic process, contributing in several ways to the progression of the disease. 
OxLDL is a chemoattractant for circulating monocytes and T lymphocytes, which make up a significant proportion 
of the cells in the plaque, and inhibits macrophage motility; it can therefore play an important role in the recruitment 
of cells into a plaque and thereby contribute to its enlargement. OxLDL also exhibits cytotoxicity towards vessel 
endothelial cells, further augmenting the atherogenic process by facilitating the migration of macrophages and 
additional LDL into the vessel wall. Therefore, the administration of compounds which can inhibit LDL oxidation, 
or which counteract adverse effects which may be elicited by oxLDL metabolites, may slow the progression of the 
atherosclerotic lesion. Growth factors generated by activated macrophages sequestered into the vessel wall also play 
a role in the disease, inducing smooth muscle cell proliferation and thereby enlarging lesions. Active macrophages 
may also release proteases, which themselves can damage structural components of the vessel and destabilize 
advanced plaques, leading to rupture, vessel thrombosis and life-threatening embolus formation. 

In addition to the classic risk factors, such as elevated blood lipids and hypercholesterolemia, there is now strong 
evidence to suggest that plasma fibrinogen level is also related to the incidence of POAD, so that agents which lower 
plasma fibrinogen also have the potential to retard atherosclerosis. 

As well as compounds which inhibit the effects of oxLDL and its products, agents which reduce blood viscosity 
via a down-regulation of leukocyte adhesion molecules or platelet aggregation factors and/or which reduce 
endothelial permeability, should also play a preventative role in atherosclerosis and help to retard the progression of 
conditions, such as POAD, which may be severely debilitating to the sufferer. The identification of existing agents 
which possess these specific properties, or the development of novel agents fulfilling these criteria, should expand our 
existing armoury against athersclerosis in all its manifestations. 


Geert W. Schmid-Schénbein and Seymour Glagov 


0021-9150/97/$17.00 © 1997 Elsevier Science Ireland Ltd. All rights reserved. 
PIT 80021-9150(97)06126-1 


3 
Tie 


3 


Publication information: Atherosclerosis (ISSN 0021-9150). For 1997, volumes 127-135 are scheduled for publication. 
Subscription prices are available on request from the Publisher. Subscriptions are accepted on a prepaid basis only and are 
entered on a calendar year basis. Issues are sent by surface mail except to the following countries where Air delivery via SAL 
mail is ensured: Argentina, Australia, Brazil, Canada, Hong Kong, India, Israel, Japan, Malaysia, Mexico, New Zealand, 
Pakistan, PR China, Singapore, South Africa, South Korea, Taiwan, Thailand, USA. For all other countries airmail rates 
are available upon request. Claims for missing issues should be made within six months of our publication (mailing) date. 


Orders, claims, and product enquiries: please contact the Customer Support Department at the Regional Sales Office nearest 
you: 


New York Amsterdam Tokyo Singapore 

Elsevier Science Elsevier Science Elsevier Science Elsevier Science 

P.O. Box 945 P.O. Box 211 9-15 Higashi-Azabu |-chome No. | Temasek Avenue 

New York, NY 10159-0945 1000 AE Amsterdam Minato-ku, Tokyo 106 #17-01 Millenia Tower 

USA The Netherlands Japan Singapore 039192 

Tel. (+ 1)212-633-3730 Tel. (+ 31)20-4853757 Tel. (+81)3-5561-5033 Tel. (+65)434-3727 

[Toll free number for North Fax (+ 31)20-4853432 Fax (+81)3-5561-5047 Fax (+ 65)337-2230 

American customers: e-mail nlinfo-f@elsevier.nl e-mail kyf04035@niftyserve.or.jp e-mail asiainfo@elsevier.com.sg 


1-888-4ES-INFO (437-4636)] 
Fax (+ 1)212-633-3680 
e-mail usinfo-f@elsevier.com 


Periodicals postage paid at Newark, New Jersey. Atherosclerosis (ISSN 0021-9150) is published monthly January to 
December plus a further issue in February, June, September, and December, by Elsevier Science Ireland Ltd., Bay 15, 
Shannon Industrial Estate, Shannon, Co. Clare, Ireland. The annual subscription in the USA is $2496. Atherosclerosis is 
distributed by Virgin Mailing and Distribution, 10 Camptown Road, Irvington, New Jersey 07111-1105. Postmaster: Please 
send address corrections to Atherosclerosis, c/o Elsevier Science Regional Sales Office, Customer Support Department, 655 
Avenue of the Americas, New York, NY 10010. 


In the USA and Canada: For further information on this and other Elsevier journals please contact: Elsevier Science Inc., 
Journal Information Center, 655 Avenue of the Americas, New York, NY 10010, USA, tel. (212)6333750: fax (212)6333764: 
telex 420-643 AEP UI. 


This journal is in the ADONIS service, whereby copies of individual articles can be printed out from CD-ROM on request. 
An explanatory leaflet can be obtained by writing to ADONIS, P.O. Box 17005, 1001 JA Amsterdam, The Netherlands. 


International Atherosclerosis Society: Subscription rates for members are available on request from the Publisher. 


Advertising information: Advertising orders and enquiries may be sent to: International: Elsevier Science, Advertising 
Department, The Boulevard, Langford Lane, Kidlington, Oxford, OX5 1GB, UK; Tel: (+44) (0) 1865 843565; Fax: (+44) 
(0) 1865 843976. USA & Canada: Weston Media Associates, Dan Lipner, P.O. Box 1110, Greens Farms, CT 06436-1110, 
USA: Tel: (203) 261 2500; Fax (203) 261 0101. Japan: Elsevier Science Japan, Marketing Services, 1-9-15 Higashi-Azabu, 
Minato-ku, Tokyo 106, Japan; Tel (+81) 3 5561 5033; Fax (+81) 3 5561 5047. 


All questions arising after acceptance of the manuscript, especially those relating to proofs, should be directed to Elsevier 
Science Ireland Ltd., Bay 15, Shannon Industrial Estate, Shannon, Co. Clare, Ireland, tel. (353-61)471944; fax (353- 
61)472144. 


Authors in Japan please note: Upon request, Elsevier Science Japan will provide authors with a list of people who can check 
and improve the English of their paper (before submission). Please contact our Tokyo office: Editorial Service, Elsevier 
Science Japan, 1-9-15 Higashi-Azabu, Minato-ku, Tokyo 106, Japan; Tel (+81) 3 5561 5032; Fax (+81) 3 5561 5045. 


For a full and complete Instructions to Authors, please refer to p. 265 of Vol. 131 No. 2. The instructions can also be found 
on the World Wide Web: access under http://www.elsevier.nl or http://www.elsevier.com. 


Atherosclerosis has no page charges 


Copyright © 1997 Elsevier Science Ireland Ltd. All Rights Reserved 0021-9150/97/$17.00 


© The paper used in this publication meets the requirements of ANSI/NISO Z39.48-1992 (Permanence of Paper) 
Printed in the United Kingdom 


get 
‘ 


atherosclerosis 


VOL. 131, Suppl. June 1997 
CONTENTS 


Cited in: Biological Abstracts - CABS (Current Awareness in Biological Sciences) -— Chemical Abstracts 
- Current Contents/Life Sciences - Current Contents/Clinical Medicine — Excerpta Medica 
Abstract Service - Index Internacional de Cardiologia — Index Medicus - Informedicus - PASCAL M 


Supplement 
Atherosclerosis and Pentoxifylline: An International Symposium 


Introduction 


Cellular and molecular studies of atherogenesis 
R. Ross (USA) 
A critical look at the evidence for the oxidation of LDL in atherogenesis 
D. Steinberg (USA) 
Immunological response to oxidized LDL 
J.L. Witztum (USA) 
Mechanical determinants of plaque modeling, remodeling and disruption 
S. Glagov, H.S. Bassiouny, Y. Sakaguchi, C.A. Goudet, R.P. Vito (USA) 
Mechanisms involved in endothelial responses to hemodynamic forces 
P.F. Davies (USA) 
Phagocyte implications in advanced atherosclerosis 
D. de Prost, J. Hakim (France) 
Mechanisms of leukocyte activation in the circulation 
G.W. Schmid-Schoénbein, B.W. Zweifach, F. Moazzam (USA) 
Pentoxifylline: its influence on the interaction of blood cells with the vessel wall 
D. Seiffge (Germany) 
Epidemiology of peripheral vascular disease 
F.G.R. Fowkes (UK) 
Socioeconomic impact of peripheral vascular disease 
M. Drummond (UK) 
Quality of life assessment in peripheral arterial disease 
W.R. Hiatt (USA) 
Clinical experience with pentoxifylline 
K.-H. Labs, R. Labs, M. RO&ner (Germany) 


Conclusions 


IMC 0397 0014 


The table of contents of Atherosclerosis is included in ESTOC — Elsevier Science 


Tables of Contents service — which can be accessed on the World Wide Web at the 
following URL addresses: 


http://www.elsevier.nl/locate/estoc or http://www.elsevier.com/locate/estoc 


0021-9150¢ 199706) 131; 1-# 


$1 

$3 

$13 

S15 

$19 

$23 

S27 
$33 

$35 

in, 
S37 
$41 

; 

: 

08004 


